The optimization and management of an integrated urban wastewater system is a complex problem involving many processes and variables. The possible control options are defined by several management strategies that may differently impact the economic, operational or environmental performance of the system. The present paper aims to contribute to the environmental and energy sustainability of urban wastewater systems by means of a multicriteria performance analysis. The paper begins with a complete analysis of the system performance in several fields of interest (energy, environment, quality of service, operation, economy and financial resources), and it highlights the management strengths and weaknesses in each subsystem. The analysis was carried out by means of a prototype, developed during the ALADIN project, which enables understanding the system, planning effective improvement actions and assessing their possible effects in each part of the urban water cycle. To demonstrate the potential of such an approach, it was tested on an actual integrated urban wastewater system in Sicily.
INTRODUCTION
In recent decades, the optimization of energy consumption for exploiting water resources has become a research topic of growing importance in the context of rising energy and material costs, water shortages and climate change.
Energy is needed in every phase of water use, from extraction to conveyance, treatment, use, and disposal (Plappally & Lienhard ) . The amount of energy consumed is strictly related to the water system location, resource availability and quality, area topography, supply network topology, and water and wastewater treatments. Currently, energy costs represent about 35% of the operating costs of water utilities, and this share is expected to increase due to the tightening of drinking water and environmental regulations and the higher water demand as a result of population growth (Puleo et al. ) . 
). Understanding such relationships is important for
achieving sustainable and cost-effective water management (Puleo et al. ) . Several studies have already been carried out in Australia (Kenway et al. ) and the United States (Sanders & Webber ) .
The growing interest about energy consumption, both in terms of its cost and environmental impacts, has led to sustainable energy management practices, mainly in high energy consuming parts of systems (Plappally & Lienhard ) , such as in integrated wastewater systems. Assessing the energy balance of these systems is difficult mainly due to the lack of disaggregated data related to the contributions of wastewater treatment plants (WWTPs) and sewer networks (SNs) (Petit-Boix et al. ).
Therefore, in the present study, a multicriteria performance analysis aimed at optimizing the energy efficiency and minimizing the environmental impacts of an integrated urban wastewater system (including both the SNs and WWTPs) has been carried out. Although the main objectives were linked to energy and environmental issues, other performance aspects, such as the operation and maintenance, quality of service and economic and financial resources, have been considered because they are unavoidable for a reliable performance analysis.
The analysis was carried out by means of a prototype The paper is organized as follows. First, a brief literature review is provided. Second, the methodology and case study are presented for an actual integrated wastewater system of a small town in southern Sicily. Finally, the results obtained are discussed, and some conclusions are drawn.
LITERATURE REVIEW
The WWTP, where urban wastewater is collected and conveyed by SNs to be depolluted before being discharged into a water body, can be considered to be the part of an urban water cycle that is usually affected by high levels of energy consumption.
The amount of energy required by a WWTP depends on the flow rates and pollution loads, treatment stages, operation and maintenance measures, and energy efficiency of the devices installed. Stillwell et al. () In the case of diffuse and small municipalities, the contribution of SNs to the energy balance of the integrated wastewater system can be significant (Petit-Boix et al. ) due to the length of the pipeline (in which the length is determined by the WWTP location) and the arrangements of the WWTP stages (generally, only primary treatment stages are planned in the case of a small municipality).
Only a few studies in the literature have specifically focused on analysing the energy consumption in SNs. Moreover, it assesses the energy balance of the system and identifies possible energy-efficient solutions. The prototype is a web-based application that models the whole urban water system as sets of entities: water and energy entities.
The former are grouped into five subsystems: (1) Starting from the results of the performance analysis, operator goals and technical feasibility, the ALADIN prototype notes the critical issues in the system and guides the operator during the selection of improvement actions.
Namely, all the indicators with a performance score lower than a threshold value cause the automatic selection of a set of improvement actions stored in the prototype database.
Such a selection can be refined by choosing among the proposed overall objectives of the interventions and answering a technical feasibility questionnaire.
The ALADIN embedded actions are mainly focused on various aspects of urban water system management, such as water losses, energy consumption and GHG emission reduction. Nevertheless, as mentioned above, the financial and operational aspects linked to the quality of service are also considered. For each improvement action, a folder with the technical features and the possible influences on the system efficiency is also provided.
To verify the effects of the selected actions on the system performance, the operator can define several scenarios based on his own objectives. A user interface is used to implement the actions in the system by providing spreadsheets accurately developed by experts and enabling editing of the correlated input variables. Such data are again processed by the prototype, then the PIs and water and energy balances are provided for the new scenarios.
In the end, a decision support tool provides a ranking of the operator-based scenarios.
Definitively, the ALADIN prototype can be summarized in four steps ( The general formulation is as follows:
where w i is the weight assigned to each PI. The relation P i w i ¼ 1 is also imposed. Several weighting techniques are available in the literature that rely on statistical models or on expert judgement (JRC ). Herein, the skilled project partnership provided the PI weights that reflect the relative importance of each indicator with regard to its performance aspect. Then, the second level aggregation is determined by the average of the CIs for each performance aspect.
The CIs calculated for the whole system are input to the decision support tool. Then, for each investigated performance aspect, a pairwise comparison is carried out between the scenarios; the global performance of each scenario is compared pair to pair with the others, and a score equal to 1 is assigned to the specific scenario when the performance is higher, while 0 is assigned when the performance is equal or lower. The global score of each scenario results from the sum of all pairwise comparison scores. The greater the scenario score is, the better its overall performance is. Therefore, the decision support tool provides a ranking of the operator-based scenarios.
THE CASE STUDY
The case study analysed herein is an integrated urban wastewater system located in southern Sicily. It collects and treats sewage flows corresponding to an 84,000 population equivalent (p.e.). The SN is 8.5 km long (as main pipes), and the wastewater flows by gravity to a wet well before being pumped to the WWTP by means of three sub- Both the SN and WWTP were analysed by means of the ALADIN prototype. The PIs considered in this study are reported in Table 2 ; they represent a subset of the (Table 3) . Therefore, the issues strictly linked to the wastewater treatment process (e.g. sludge dewatering) were not considered in the analysis. The environmental impacts were evaluated as GHG emissions according to the national energy mix defined by the Italian Energy Authority (GSE). Consequently, for this study, the energy average cost was fixed at 0.16 €/kWh, and the emission unit was fixed at 0.49 kg CO 2eq per kWh.
RESULTS
The indicator panel was applied to all the improvement scenarios. Then, the composite indicators (CIs) were calculated for the SN (Figure 3 The technical measures applied to the SN were limited to improving the pumping station and operation and maintenance action efficiency. The results show that S7, S8, S9 and S10 were the best scenarios for the SN with the same score for all performance aspects (Figure 3(a) ).
For the WWTP, the reduction in the energy consumption due to inverter installation as well as the application of a photovoltaic (PV) power plant in the nearby available area caused an increase in the performance, as shown in S4, S8, S9 and S10 (Figure 3(b) ). In S2, the replacement of the pump motors, high-efficiency pumps, only slightly changed the performance score because the current motors already have a good power factor, probably due to a previous power correction (see Table 2 , En05). The small wind turbine enabled the sludge treatment stage to be self-powered only if the inverter in the air-compressor reduced the energy consumption (S5). The S1, S2, S6 and S7 scenarios had the lowest environmental performance because the energy consumption reduction alone was not sufficient to reduce the GHG emissions.
The quality of service composite indicator (Qs) exhibited a modest variation among the analysed scenarios. However, it revealed the effects of monitoring the pumping station (S3-S10) and the biological processes in the WWTP (S9, S10). The quality sensor (e.g. O 2 , NH þ 4 ) installations could potentially reduce the energy consumption up to 30% due to regulating the air in the oxidation basin according to the pollution load, which changes during the day. A 25% reduction was considered in this study.
The Op indicator value was only non-zero for the S6, S7, S8, S9 and S10 scenarios, in which maintenance actions were considered. While the WWTP performances had the same values (5), the SN performance was very low in S6, where only the pumping station maintenance was considered. The other scenarios had good SN performance values due to SN inspection and cleaning. For the WWTP operation and maintenance, air-diffuser cleaning could have also been considered, but it was not easy to estimate its influence in terms of energy reduction (Stenstrom & Rosso ) .
Finally, the Fi indicator provided the performance related to economic aspects (e.g. costs and revenues) linked to the implementation of the improvement measures.
All scenarios indicated a higher performance with respect to the actual scenario (Figure 3(c) ).
To determine the best scenario, the ALADIN decision support tool was applied to the CI results related to the whole integrated urban wastewater system. In Figure 4 , the average scores among the pair comparisons are shown.
The S10 scenario had the greatest score (0.92), while the S9 and S8 scenarios were second and third in the final ranking, respectively. The S8 scenario had a score of 0.62; hence, it was the winner in more than half of the pair comparisons, requiring only six of the 10 proposed actions. Both the reduction in the energy consumption linked to the pumps and compressors as well as the application of RESs benefitted scenarios S10 and S8. Nevertheless, scenario S10 also considered improvement actions on the mixers and on the process control by means of using quality sensors ( Figure 5 ).
CONCLUSIONS
The key features of the prototype developed during the ALADIN project were presented by analysing an actual integrated urban wastewater system. Concisely, the project aimed to develop a tool for water utilities but also for professionals and public administrators to enhance the understanding of the whole urban water cycle, or parts of it, by means of a multicriteria performance analysis. In particular, the PI panel together with the water and energy balances provided information about the system or subsystem efficiencies in terms of water leakage, reduction, energy consumption, environmental impact, quality of service, and operational, economic and financial aspects. Moreover, the evaluation of the composite indicators (CIs) related to each performance aspect enabled us to obtain the global system performances for both the actual scenario and operator-based improvement scenario.
Specifically, the prototype can simulate planned operational actions before investments are made by showing how the system performance changes. Starting from these results, the ALADIN prototype decision support tool provides a ranking among the implemented scenarios to enable an operator to make well-informed interventions on each part of the system in accordance with his own overall performance goals.
In this paper, the analysed system was limited to an integrated urban wastewater system, located in southern
Sicily. The prototype was used to analyse two subsystems, the SN and the WWTP, highlighting the weaknesses of this integrated wastewater system specifically in the operational and energy fields. This initial analysis allowed us to identify possible management solutions specifically suited for the case study. Specifically, the solutions were aimed to automatically control the treatment processes, produce clean energy from renewable sources and maintain the system (especially the pumps and compressors).
The comparison analysis between the alternatives and combinations of the alternatives for 10 improvement scenarios allowed us to improve the performance of the system with percentage increases ranging between 60
and 300% for the different performance fields. The study highlighted that good performance could be achieved with the implementation of only a few management actions. Scenario S8 provided a global performance equal to 0.62 using only six of the proposed actions; the performance of scenario S7 (using five actions) was 40% lower (0.46), highlighting that the actions improved the performance.
The skilled partnership and analysis of the system, as carried out during the start-up phase of the project, allowed us to finalize objectives that could be favourably accepted by water utilities. The prototype does not directly consider the social aspects that have great relevance in the decisionmaking process, so further developments will include these by elaborating specific PIs.
Great efforts have been made to develop a user interface, but some issues have to be fixed in order to realize a commercially competitive product that can include a friendly user interface and the integration of spatial data representation, such as a GIS (geographic information system). On the other hand, the ALADIN prototype only provides the basis for a more complex tool.
